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In the Life Span Study cohort of atomic bomb survivors, differences in urbanicity between high-dose and low-dose survi-
vors could confound the association between radiation dose and adverse outcomes. We obtained data on the population
distribution in Hiroshima and Nagasaki before the 1945 bombings and quantified the impact of adjustment for population
density on radiation risk estimates for mortality (1950-2003) and incident solid cancer (1958—-2009). Population density
ranged from 4,671 to 14,378 people/km? in the urban region of Hiroshima and 5,748 to 19,149 people/km? in the urban
region of Nagasaki. Radiation risk estimates for solid cancer mortality were attenuated by 5.1% after adjustment for popula-
tion density, but those for all-cause mortality and incident solid cancer were unchanged. There was no overall association
between population density and adverse outcomes, but there was evidence that the association between density and mor-
tality differed according to age at exposure. Among survivors who were 10—14 years of age in 1945, there was a positive
association between population density and risk of all-cause mortality (per 5,000-people/km? increase, relative risk =
1.053, 95% confidence interval: 1.027, 1.079) and solid cancer mortality (per 5,000-people/km? increase, relative risk =
1.069, 95% confidence interval: 1.025, 1.115). Our results suggest that radiation risk estimates from the Life Span Study
are not sensitive to unmeasured confounding by urban-rural differences.

cancer incidence; mortality; population density; radiation

Abbreviations: AIC, Akaike information criterion; ERR, excess relative risk; Gy, gray.

In the Life Span Study of atomic bomb survivors (Hiroshima
and Nagasaki, Japan), a survivor’s dose of ionizing radiation was
determined primarily by the city in which the survivor was
exposed and the ground distance between the bomb’s hypo-
center and the survivor’s reported location (1, 2). In Hiroshi-
ma, the hypocenter was in the city’s urban center. Therefore,
survivors located in urban regions were generally exposed to
higher levels of radiation, while survivors located in rural regions
were generally exposed to lower levels. Conversely, in Nagasaki,
the hypocenter was approximately 3 km northwest of the city’s
urban center. Therefore, survivors located in rural regions were
generally exposed to higher levels of radiation, while survivors
located in urban regions, particularly to the southeast of the hypo-
center, were generally exposed to lower levels. Consequently, dif-
ferences in urbanicity between high-dose and low-dose survivors

could confound the association between radiation dose and
adverse health outcomes (3).

We previously quantified heterogeneity in the risk of all-cause
mortality and incident solid cancer among zero-dose survivors at
different distances from the hypocenter (4-6). We hypothesized
that these risk differences were driven by confounding that was
not accounted for by adjustment for sex and age. We identified
location as a key potential confounding factor because radiation
dose was determined primarily by location, and location could
influence risk through socioeconomic factors, such as education
and employment, and environmental factors, such as exposure to
pollutants (6). Due to limited information on preexposure
individual-level characteristics, we addressed this potential for
unmeasured confounding by selecting an appropriate reference
group of unexposed individuals and adjusting for risk differences
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among all unexposed groups. We found that radiation risk es-
timates for all-cause mortality and incident solid cancer were
somewhat sensitive to the choice of the reference group—risk
estimates varied within +10% (5, 6). However, it is possible
that our analytical approach did not adequately adjust for
confounding because the definition of location—merely a
binary indicator of distance from the hypocenter—was too coarse.
Therefore, we sought to address this potential for residual con-
founding by leveraging historical information on population
density before the bombings as an adjustment variable to capture
urban-rural differences on a finer scale.

A growing body of literature has shown that community-level
exposures, including population density, are associated with
adverse health outcomes (7—12). In particular, several large cohort
studies have documented positive associations between popula-
tion density and mortality (7-9). These include an analysis of the
Japan Public Health Center-based Prospective Study, which
showed that population density was strongly associated with
all-cause mortality after adjustment for socioeconomic status
and behavioral factors (9). In addition, large cohort studies have
documented positive associations between population density and
cancer incidence (10, 11). Most recently, researchers provided
evidence for a biological response to unfavorable community-
level exposures by demonstrating that population density was
associated with shortened telomere length (12). Taken together,
these results support the rationale for considering population den-
sity as a potential confounder of the association between radiation
dose and adverse health outcomes in the Life Span Study.

Our goals were to determine the population density before the
atomic bombings at survivors’ reported locations in Hiroshima
and Nagasaki and to quantify the impact of adjustment for popu-
lation density on radiation risk estimates for mortality and inci-
dent solid cancer. First, we used mapping techniques to assign
population-density estimates to survivor locations. Second, we re-
analyzed Life Span Study data on mortality (13) and solid can-
cer incidence (14). We focused on radiation excess relative risks
(ERRs) and the evidence for curvature in the radiation dose-
response.

METHODS
Study cohort

The Life Span Study included 93,741 atomic bomb survivors
who reported their location, within 10 km of the hypocenter, at
the time of the bombings (15). For these survivors, the Dosimetry
System 2002 method (1, 2) was used to estimate Dosimetry Sys-
tem 2002 Revision 1 (DSO2R1)-weighted absorbed colon doses
in gray (Gy). Weighted doses—the sum of the y-radiation dose
and 10 times the neutron dose—allowed for a greater biological
effectiveness of neutrons. Correction for measurement error and
truncation of doses >4 Gy was performed (16). We excluded Life
Span Study participants who were not in either city during the
bombings (i.e., not-in-city residents), because the population den-
sity at their location at the time of the bombings was unknown.

This study was approved by the Human Investigation Commit-
tee of the Radiation Effects Research Foundation. Hiroshima Pre-
fecture, Nagasaki Prefecture, and the City of Hiroshima approved
the linkage of study participants with data from their cancer
registries.

Population density

The Joint Commission for the Investigation of the Effects of
the Atomic Bomb in Japan sought to determine acute casualty
rates in relation to distance from the hypocenter (17). Therefore,
the Commission required estimates of the population distribution
before the bombings in Hiroshima and Nagasaki. The Commis-
sion’s investigation indicated that the most reliable population es-
timates could be obtained from rice-rationing figures. Japanese
cities are divided into districts, which are divided into precincts.
During the war, an official in each precinct tracked the number of
people entitled to a rice ration and distributed the rations accord-
ingly (18). Precinct officials then reported these numbers to their
district office on a monthly basis. In Hiroshima, records from
July 1945 were destroyed, but those from June 1945 indicated a
population size of 255,260. In Nagasaki, records from July
1945 indicated a population size of 195,290. Based on the rice-
rationing figures, the Commission estimated population density
within radii of the hypocenter, up to 5 km, in urban regions of
Hiroshima and Nagasaki (Web Table 1, available at https://
academic.oup.com/aje).

To assign a population density to a survivor in the Life Span
Study, we determined whether the survivor was located in an
urban region and, if so, the density at that location. We identi-
fied urban regions within 5 km of the hypocenters using maps
produced by the United States Army Map Service in 1945:
polyconic projection, Band 111N, Zone B and C for Hiroshi-
ma and Nagasaki, respectively (2). Hiroshima is located on a
broad river delta. To identify the urban region of Hiroshima,
we used district borders or, for peripheral districts without a
defined border, geographical contours of 10-20 m above sea
level. Nagasaki is located in several valleys that extend from
alarge bay. To identify the urban region of Nagasaki, we used dis-
trict borders along with indicators of manmade features (e.g., resi-
dential or industrial structures, roads). In both cities, the urban
region extended 50 m offshore. Survivors were positioned on the
map according to their reported location at the time of the bomb-
ings—recorded in the master sample questionnaire and shielding
history (19)—using ArcGIS, version 10.4.1 (Esri, Redlands, Cali-
fornia). Survivors located in an urban region within 5 km of the
hypocenter were assigned a population density according to their
distance from the hypocenter (Web Table 1). Survivors located
outside an urban region but within 5 km of the hypocenter, as
well as survivors located beyond 5 km, were assigned the aver-
age population density in rural Japan according to the February
1944 national census: 116 people/km® (20, p. 36). Because the
population density in nonurban regions of Hiroshima and Naga-
saki might have differed from the national average, in sensitivity
analyses, survivors located in nonurban regions were assigned a
population density of 0 (hypothetical minimum) or 1,000 (hypo-
thetical maximum) people/km>.

Mortality

Mortality analyses were limited to 86,660 survivors with
known radiation doses and who were alive at the beginning of
follow-up on October 1, 1950 (13). Deaths were identified by
the Japanese national family registry system between October 1,
1950, and December 31, 2003. We focused on mortality due to
any cause and mortality due to solid cancer, which was classified
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according to International Classification of Diseases codes
(Seventh Revision through Ninth Revision, 1950-1997: codes
140-199; Tenth Revision, 1998-2003: codes CO0—C80). Analy-
ses were based on a highly stratified table of case counts and
accrued person-years. Details on stratification are provided in
the Web Appendix.

Piecewise-constant hazard models related the rate of all-cause
and solid cancer mortality to the background rate and an ERR
due to radiation exposure. Sex-specific background rates were
adjusted for age at exposure—equivalent to birth year because all
survivors were exposed in 1945—and attained age. We selected
zero-dose survivors within 5 km of the hypocenter as the refer-
ence group because population density estimates were available
only for urban regions within 5 km of the hypocenter. Thus, the
model accounted for risk differences between survivors located
outside an urban region but within 5 km of the hypocenter and
survivors located beyond 5 km. ERRs were parameterized as a
function of weighted absorbed colon dose with effect modifica-
tion by sex, age at exposure, attained age, and an indicator of total
shielded kinetic energy released per unit mass of >4 Gy to
account for dose-estimation errors at high doses, which are
typically lethal. For both all-cause and solid cancer mortality,
we fitted a sex-averaged linear dose-response model. Details on
model parameterization are provided in the Web Appendix.

Solid cancer incidence

Analyses of solid cancer incidence were limited to 80,205 sur-
vivors with known radiation doses and who were alive and at risk
for a first primary solid cancer at the beginning of follow-up on
January 1, 1958 (14). Survivors with a diagnosis of cancer docu-
mented in medical records before 1958 were excluded. First pri-
mary solid cancers were identified by Hiroshima and Nagasaki
population-based cancer registries between January 1, 1958, and
December 31, 2009. To avoid bias from underrepresentation of
cases, person-years were multiplied by the probability of res-
idency in the registries’ catchment regions, with estimated resi-
dency probabilities stratified by city, sex, birth year, and calendar
year (14, p. 531).

Piecewise-constant hazard models for first primary solid cancer
were similar to those for mortality. We considered 2 radiation
dose-response models: a sex-averaged linear dose-response
model and a sex-specific linear-quadratic dose-response model,
because a recent analysis found evidence for curvature among
males (14).

Adjustment for population density

All models were fitted with and without adjustment of the
background rate for population density. Population density was
included as a linear term in the background model because explor-
atory analyses revealed a linear association across density catego-
ries. Because the association between population density and
adverse health outcomes could depend on age, a longitudinal
measure of density would be preferred to capture density associa-
tions at different periods of sensitivity (21). In the absence of
a longitudinal measure of population density, we allowed the
density association to differ across groups defined by their age
when density was measured. Therefore, we also included a
term for interaction between population density and a categorical
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variable for age at exposure (<10 years, 1014 years, 15-29 years,
>30 years) in the background model. In particular, we selected
age groups to correspond to children, adolescents, younger adults,
and older adults.

All analyses were completed using R, version 3.4.0 (R Founda-
tion for Statistical Computing, Vienna, Austria). Estimation was
performed using the gnm extension package for generalized non-
linear models, assuming a Poisson distribution and log link func-
tion (22-24). Likelihood confidence intervals were obtained from
the profile likelihood. Statistical hypotheses regarding regression
parameters were evaluated using likelihood ratio statistics. Com-
parisons of model fit were based on the Akaike information
criterion (AIC), which penalizes the value of the maximized log-
likelihood by the number of estimated parameters (25, 26).

RESULTS
Population density

The estimated prebombing population densities in urban re-
gions of Hiroshima and Nagasaki were 8,800 and 13,709 people/
km?, respectively (Web Table 1). These estimates were consistent
with the geography of each city: Urban regions in Nagasaki were
more densely concentrated in valleys, whereas urban regions in
Hiroshima were less densely distributed across a flat plain. In
Hiroshima, urban regions near the hypocenter were more dense
than urban regions far from the hypocenter (Figure 1). Conversely,
in Nagasaki, urban regions near the hypocenter were less dense
than urban regions far from the hypocenter.

Among all survivors in the Life Span Study (n = 93,741),
77,487 survivors (82.7%) were located within 5 km of the hypo-
center and inside the urban region of either city. For these survi-
vors, density estimates were assigned (Web Figure 1). However,
9,394 survivors (10.0%) were located within 5 km of the hypocen-
ter but outside the urban region of either city, and 6,860 (7.3%)
were located beyond 5 km from the hypocenter. For these
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Figure 1. Population density in urban regions of Hiroshima (solid
line) and Nagasaki (dashed line) before the bombings in 1945 accord-
ing to distance from the hypocenter, obtained from the Joint Commis-
sion for the Investigation of the Effects of the Atomic Bomb in Japan.
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survivors, population density was set to 116 people/km?. In Hir-
oshima, there was no difference in the distribution of male and
female persons (Web Table 2). The median age was largest
among survivors located within 5 km of the hypocenter but
outside the city’s urban region. In Nagasaki, there were differ-
ences in the distribution of males and females, with the smallest
percentage of females among survivors located beyond 5 km
from the hypocenter. The median age was largest among sur-
vivors located within 5 km of the hypocenter and inside the ci-
ty’s urban region. However, there was no correlation between
population density and age in either city (Web Figure 2).
Among all survivors in the Life Span Study with known radia-
tion doses (n = 86,720), population density and weighted ab-
sorbed colon doses were positively correlated in Hiroshima
(Spearman rank correlation, 0.83) and negatively correlated
in Nagasaki (Spearman rank correlation, —0.34) (Web Figure 3).

Mortality

Among 86,660 survivors with known radiation doses and who
were alive in 1950, there were 50,648 deaths due to any cause
over a total follow-up time of 3,296,468 person-years; 71,372
survivors (82.4%) were located within 5 km of the hypocenter
and inside the urban region of either city (Web Table 3). The
sex-averaged ERR per Gy increase in weighted absorbed colon
dose was 0.237 (Table 1). Adjustment for population density
did not affect the radiation ERR, and model fit was reduced (i.e.,
larger AIC). There was no overall association between popula-
tion density and risk of all-cause mortality. There was, however,
strong evidence for an interaction between population density
and age at exposure (P < 0.001). Of note, among survivors aged
10-14 years in 1945, there was a positive association between

population density and risk of all-cause mortality: a 5,000-people/
km? increase in density was associated with a relative risk of
1.053. Inclusion of the density X age interaction improved model
fit (i.e., smaller AIC). However, inclusion of the density X age
interaction did not affect the radiation ERR.

Of the deaths observed during follow-up, 10,940 were due to
solid cancer. The sex-averaged ERR per Gy increase in weighted
absorbed colon dose was 0.448 (Table 2). Adjustment for popula-
tion density improved model fit and decreased the radiation ERR
by 5.1%. There was a small but nonsignificant association
between population density and risk of solid cancer mortality.
There was also evidence for an interaction between population
density and age at exposure (P = 0.052). Among survivors aged
1014 years in 1945, a 5,000-people/km? increase in population
density was associated with a relative risk of 1.069. Inclusion of
the density X age interaction improved model fit, but did not
have an additional impact on the radiation ERR.

Solid cancer incidence

Among 80,205 survivors with known radiation doses, and who
were alive and at risk for a first primary solid cancer in 1958, there
were 17,316 first primary solid cancers over a total follow-up time
of 2,317,884 person-years; 66,084 survivors (82.4%) were located
within 5 km of the hypocenter and inside the urban region of either
city (Web Table 4). The sex-averaged ERR per Gy increase in
weighted absorbed colon dose was 0.476 (Table 3). Adjustment
for population density did not have an impact on the radiation
ERR, and model fit was reduced. There was no overall associ-
ation between population density and risk of first primary solid
cancer. In addition, there was no evidence for an interaction
between population density and age at exposure. Inclusion of

Table1. Radiation Dose and Population Density Associations With Risk of All-Cause Mortality Among 86,660
Atomic Bomb Survivors With Known Radiation Doses?, Life Span Study, Hiroshima and Nagasaki, Japan,

1950-2003
Radiation Dose Population Density
Model AIC
ERR® 95% ClI RR° 95% ClI

Base® 0.237 0.188,0.286 104,309.9
With density 0.235 0.185,0.285 1.002 0.993, 1.011 104,311.8
With density x age 0.239 0.189,0.289 104,294.9

<10vyears 1.020° 0.987,1.054

10-14 years 1.053° 1.027,1.079

15-29 years 0.993° 0.976,1.010

>30vyears 0.999° 0.989, 1.009

Abbreviations: AIC, Akaike information criterion; Cl, confidence interval; ERR, excess relative risk; RR, relative risk.
& The Dosimetry System 2002 (1, 2) method was used to estimate Dosimetry System 2002 Revision 1 (DS02R1)-

weighted absorbed colon doses.

b Sex-averaged ERR of all-cause mortality per gray increase in weighted absorbed colon dose, among those
exposed to a radiation dose with a total shielded kinetic energy released per unit mass of <4 gray at age 30 years and

who achieved an attained age of 70 years.

° Relative risk of all-cause mortality per 5,000-people/km? increase in population density.

9 Base model adjusted for city, distance >5 km, sex, age at exposure, and attained age as well as effect modifica-
tion by sex, age at exposure, attained age, and total shielded kinetic energy released per unit mass of >4 gray.

¢ Likelihood ratio P value for evaluating the null hypothesis of equality in relative risks across age groups (3 degrees

of freedom): P < 0.001.
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Table2. Radiation Dose and Population Density Associations With Risk of Solid Cancer Mortality Among 86,660
Atomic Bomb Survivors With Known Radiation Doses?, Life Span Study, Hiroshima and Nagasaki, Japan,

1950-2003
Radiation Dose Population Density
Model AIC
ERR® 95% ClI RR° 95% Cl

Base® 0.448 0.340, 0.557 43,714.5
With density 0.425 0.315,0.535 1.018 0.998, 1.039 43,713.3
With density x age 0.428 0.318,0.538 43,711.6

<10 years 1.002° 0.945,1.062

10-14 years 1.069° 1.025,1.115

15-29 years 1.031° 0.999, 1.064

>30years 1.009° 0.985, 1.033

Abbreviations: AIC, Akaike information criterion; Cl, confidence interval; ERR, excess relative risk; RR, relative risk.

@ The Dosimetry System 2002 (1, 2) method was used to estimate Dosimetry System 2002 Revision 1 (DS02R1)-
weighted absorbed colon doses.

b Sex-averaged ERR of solid cancer mortality per gray increase in weighted absorbed colon dose, among those
exposed to a radiation dose with a total shielded kinetic energy released per unit mass of <4 gray at age 30 years and
who achieved an attained age of 70 years.

° Relative risk of solid cancer mortality per 5,000-people/km? increase in population density.

9 Base model adjusted for city, distance >5 km, sex, age at exposure, and attained age as well as effect modifica-
tion by sex, age at exposure, attained age, and total shielded kinetic energy released per unit mass of >4 gray.

¢ Likelihood ratio P value for evaluating the null hypothesis of equality in relative risks across age groups (3 degrees
of freedom): P = 0.052.

the density X age interaction did not affect the radiation ERR, Survivors located in nonurban regions comprised 17.6% of the
and model fit was further reduced. Adjustment for population analysis cohort for both mortality and solid cancer incidence. We
density did not affect the strong evidence for curvature in the obtained identical results when we assigned a population density
radiation dose-response among male persons (Web Table 5). of 0 or 1,000 people/km? to these survivors.

Table 3. Radiation Dose (Linear Dose-Response Model) and Population Density Associations With Risk of First
Primary Solid Cancer Among 80,205 Atomic Bomb Survivors With Known Radiation Doses?, Life Span Study,
Hiroshima and Nagasaki, Japan, 1958-2009

Radiation Dose Population Density
Model AIC
ERR® 95% Cl RR°® 95% Cl

Base® 0.476 0.389, 0.566 91,045.5
With density 0.468 0.380, 0.560 1.007 0.991, 1.023 91,046.9
With density x age 0.465 0.376,0.558 91,051.0

<10vyears 0.997° 0.966, 1.030

10-14 years 1.018° 0.991, 1.046

15-29 years 1.005° 0.985, 1.025

>30vyears 1.008° 0.987,1.029

Abbreviations: AIC, Akaike information criterion; Cl, confidence interval; ERR, excess relative risk; RR, relative risk.

& The Dosimetry System 2002 (1, 2) method was used to estimate Dosimetry System 2002 Revision 1 (DS02R1)-
weighted absorbed colon doses.

b Sex-averaged ERR of first primary solid cancer per gray increase in weighted absorbed colon dose, among those
exposed to a radiation dose with a total shielded kinetic energy released per unit mass of <4 gray at age 30 years and
who achieved an attained age of 70 years.

° Relative risk of first primary solid cancer per 5,000-people/km? increase in population density.

9 Base model adjusted for city, distance >5 km, sex, age at exposure, and attained age as well as effect modifica-
tion by sex, age at exposure, attained age, and total shielded kinetic energy released per unit mass of >4 gray.

¢ Likelihood ratio P value for evaluating the null hypothesis of equality in relative risks across age groups (3 degrees
of freedom): P = 0.59.
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DISCUSSION

From the earliest analyses of the data from the Life Span Study
of atomic bomb survivors, researchers have been concerned about
the potential influence of unmeasured confounding (27). We ob-
tained historical data on the prebombing population distributions
in Hiroshima and Nagasaki. Using modern mapping techniques,
we assigned population density estimates to survivors in the Life
Span Study. We found that adjustment for population density had
no substantial impact on radiation risk estimates for mortality and
incident solid cancer, likely due to the lack of a strong association
between density and these outcomes. If we assume that popula-
tion density is a surrogate measure of socioeconomic and environ-
mental factors that differ between urban and rural regions, then
these results suggest a lack of residual confounding by location.

Although there was no overall association between population
density and adverse health outcomes, there was evidence that the
association between density and mortality differed by age at ex-
posure. In particular, among survivors aged 10-14 years in August
1945 (i.e., born during 1930-1935), there was a positive associa-
tion between population density and risk of all-cause and solid
cancer mortality. We hypothesize that this association was driven
by wartime deprivation in urban regions, to which developing
children and adolescents were particularly sensitive. Disparate
social conditions existed between urban and rural regions in
Japan during the war (28). In particular, lower- and middle-class
individuals in dense, urban regions experienced widespread food
shortages throughout the war, even with the support of rations,
whereas individuals in rural regions were able to grow their own
food or to trade with local farmers. In addition, during later years
of the war, adolescents in urban regions were conscripted into
work groups. Associations of adverse social conditions during
childhood and adolescence with adult mortality are well docu-
mented (29, 30). Our results are also consistent with age-period-
cohort mortality trends in urban Japan, which showed a cohort
effect among those born during 1925-1940 (31).

Among survivors aged 1014 years in 1945, population density
was associated with both all-cause and solid cancer mortality but
not with incident solid cancer. This disparity could be due to dif-
ferent time horizons between the analyses. Because follow-up for
cancer incidence began in 1958, Life Span Study participants who
died during 1950-1957 were not included in the cancer incidence
analysis. In a post-hoc analysis, we stratified the model for all-
cause mortality by calendar year (Web Table 6; AIC, 104,266.9).
We found significant differences according to calendar year (P <
0.001), such that population density was more strongly associated
with early mortality. Therefore, it is plausible that survivors who
were exposed in more dense regions were informatively censored
from the cancer incidence analysis, which attenuated the associa-
tion between population density and risk of first primary solid can-
cer (32). Note that even after stratifying the density association by
calendar year, the radiation ERR was unchanged (0.241, 95% con-
fidence interval: 0.190, 0.291) compared with the estimates pro-
vided in Table 1.

There are several strengths of our analysis. First, prior analyses
of the Life Span Study data have adjusted for risk factors such as
smoking, alcohol consumption, and dietary habits. However, the
collection of these risk factors occurred after radiation exposure
and was limited to subgroups of study participants, such that rates
of missing data were approximately 50% (33). In our analysis,

population density was defined prior to radiation exposure and for
all survivors. Second, our analysis leveraged the natural experi-
ment that arose from between-city differences in the location of
the hypocenter relative to the city’s urban center. Thus, we
exploited both within- and between-city heterogeneity in the pop-
ulation distribution to adjust radiation risk estimates for population
density. Third, the large sample size of the Life Span Study and
sufficient number of outcomes allowed us to adjust for population
density overall and among age subgroups.

We acknowledge the following limitations. First, we used eco-
logical data on prebombing population density as a surrogate mea-
sure of individual-level socioeconomic and environmental factors
that differed between urban and rural regions, and we were unable
to elucidate the impact of different factors. Second, we used den-
sity estimates from a single time point, which did not capture the
evolution of socioeconomic and environmental factors over time.
However, we allowed the density association to differ by age and
calendar time. Third, estimation of density associations could have
been influenced by measurement error. We assigned density
values to survivors based on their reported locations at the time
of exposure, which might not have been their homes. Survivors’
density values could therefore have been affected by their move-
ment, either in the process of their regular daily activities or to
seek shelter following air-raid warnings. The small relative risks
for population density could be particularly sensitive to measure-
ment error.

In summary, we observed age-specific associations of popula-
tion density with mortality, but not with incident solid cancer, in
the Life Span Study of atomic bomb survivors. Adjustment for
population density did not have a substantial impact on radiation
risk estimates for mortality or incident solid cancer. Future work
could focus on specific cancer sites, particularly those with estab-
lished urban-rural disparities, such as breast cancer (11, 34).
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